Abstract: Herein, we present a spectrally tunable add/drop filter based on a dielectric double-disk microcavity. Numerical simulation shows that a whispering gallery mode of this filter has a very large wavelength tuning range of 103 nm for a 20 nm change of an air slot between the double disks. Based on this mechanism, broadband wavelength tuning and on/off switching are demonstrated in this paper. Under the resonance condition, drop power and through power at gap size of 10 nm were obtained as 0.87 and 0.0036, while the on/off ratios of the signal at the through port and the drop port were 35:1 and 105:1, respectively.
Introduction
Add/Drop filter is a basic optical component for all-optical wavelength-division-multiplexing (WDM) network applications, which is widely used in wavelength de/multiplexing via adding or dropping specific signals into or from an incident light source [1] - [19] . In dense WDM networks, wavelength tunability is desired for the dynamic reconfiguration of add/drop operation in order to yield a large channel capacity through the integration of small number of such components. There exist a number of reports for the wavelength tunable add/drop filters based on piezoelectric stretchers [12] , controlled heating power [13] - [15] , electrical carrier injection [16] , [17] , micro-electro-mechanical systems [18] , and refractive index change [19] . However, the wavelength tuning range for existing tunable add/drop filters is mostly limited to tens of nanometers. Also, most of the reported add/drop filters are comprised of device sizes larger than tens of microns.
A whispering gallery mode (WGM) of a microdisk or a microring has been used in several add/drop filters [2] , [6] , [7] , [15] due to their high quality factors (Q factors) and compact size [20] . Recently, reports of a dielectric double-disk with a horizontal air slot showed that strong dependence of resonant wavelength of the WGM on their air slot size where fabrication of a few tens of nanometersized horizontal air slot was demonstrated successfully [21] - [24] . In the double-disk cavity, there are TE-and TM-like modes, in which transverse electric or magnetic fields are dominant, respectively. Between the two modes, the TM-like WGM possesses a strong electric field concentration in the air slot region, resulting in good optical response to the medium due not only to the high mode overlap with the analyte, but also to the strong enhancement of the electric field. Moreover, the air slot WGMs (TM-like) can be good candidates for broadband spectral tuning due to their strong dependence of wavelength on the air slot size. The slot size can be controlled via optical force of optomechanical coupling [25] - [28] . In particular, a nano-optomechanical system is able not only to make a few tens of nanometer displacement [27] , but also to perform the static tuning [28] . Besides, a nano-electro-mechanical system actuator [29] is also able to control the air slot size is.
In this report, we propose a spectrally tunable add/drop filter based on wavelength tuning of the air slot WGM in a dielectric double-disk microcavity. By changing the slot in the double-disk, a 103 nm tuning range from 1456 nm to 1353 nm was obtained for a propagating drop signal in a receiver waveguide coupled with the cavity. We also suggest a mechanism of broadband spectral tuning and optical switching operation based on our add/drop filter. In the case of a monochromatic input signal, the output power at the through port can be modulated recording on/off ratio of 35:1. Our filter also consists of small physical size: 2.0 μm × 2.0 μm × 0.43 μm. This compact and spectrally flexible optical filter can be a building block for the complex photonic integrated circuits. Numerical analyses based on finite-difference time-domain (FDTD) methods were used for comprehensive discussion.
Whispering Gallery Modes in a Dielectric Double-Disk Microcavity
First, the mode profiles of the TM-like slot WGM in the double-disk microcavity, which will be implemented as a control part of our add/drop filter, were investigated. Fig. 1(a) shows the doubledisk microcavity in which each disk has the same radius r and thickness t. There is a horizontal air slot with a subhundred nanometer space (s) between the two disks. The structural parameters of the disks are set to r = 1000 nm, t = 200 nm, with a refractive index of 3.48, which is typical index of silicon in telecommunication wavelength of 1.55 μm. The change of index is less than 1% over the wavelength range of interest from 1300 nm to 1700 nm, therefore we assume it is constant.
The mode profiles of the TM-like WGM of azimuthal mode number m = 6 in the x-y plane (up) and x-z plane (down) are illustrated in Fig. 1(b) . The WGMs are excited only if the following phase matching condition is satisfied: 2πn eff r = mλ, where n eff and m are the effective refractive index and azimuthal mode number, respectively [30] . In this double-disk TM-like WGM, the electric field is strongly confined in the narrow air slot, which is only 20 nm thick as shown in the inset (right). Therefore, the optical properties of this WGM are sensitively dependent on the air slot thickness.
The wavelengths and Q factors of the WGMs with different azimuthal mode numbers m = 6, 7, and 8 were investigated in turn (see Fig. 2 ). Electric field (E z ) profiles of each mode are shown in Fig. 2(c) . In optical resonators, the Q factor is defined by the ratio of time-averaged energy stored in the cavity to the energy loss per cycle. Higher modal Q factors represent a smaller electric field loss. Fig. 2(a) illustrates the resonant wavelengths of slot WGMs as a function of air slot thickness. Resonant wavelengths of WGMs shifted to shorter wavelengths as the air slot broadened. When the slot size changed from 10 nm to 30 nm, the wavelength varied from 1720 nm to 1580 nm for WGM of m = 6, from 1579 nm to 1454 nm for m = 7, and from 1460 nm to 1353 nm for m = 8. The tuning ranges for each mode were 140 nm, 125 nm, and 107 nm respectively, for the entire slot change of 20 nm. It should be noted that a one nanometer slot change induced a 7 nm shift in the resonant wavelength for WGM of m = 6. These blue-shifts can be attributed to a change in the effective refractive index. As the air slot size increases, more modal electric fields will be placed in the air slot, lowering the effective index [24] . Since the optical path length depends on the effective index, the resonant wavelength becomes shorter for larger gap sizes.
In the Fig. 2(b) , the Q factors are 1200, 5200, and 23000 for the WGM with m = 6, 7, and 8 in the cavity with an air slot of 10 nm, respectively. The Q factors decreases to 540, 2300, 13000 as the air slot size grows to 30 nm. A lower effective index in the case of a larger air slot leads to degradation of the Q factor due to weaker light confinement in the resonator.
On the other hand, since TE (transverse electric)-like WGMs have smaller electric field confinement in the air slot, the wavelength shifts with changing air slot size becomes several times smaller than TM-like WGMs, 37 nm, 35 nm, and 34 nm for m = 6, 7, and 8, as shown in Fig. 3(a) . In contrast, the Q factors are one order of magnitude larger than them of TM-like modes (see Fig. 3(b) ) because of larger effective index. 
Broadband Wavelength Tuning
Making use of TM-like WGMs in the dielectric double-disk microcavity with a horizontal air slot as a frequency selector between two waveguides, we propose a spectrally tunable add/drop filter as shown in Fig. 4(a) . The waveguides possess a square cross section with a side length (w) of 300 nm and are separated from the double-disk with a spacing (d) of 100 nm. The double-disk microcavity has the same structure as in Section 2. It was assumed that the double-disk microcavity and waveguides had the same refractive index of n = 3.48. In this filter, the signal with a desired wavelength can be dropped as follows: When light is injected from an input port and reaches the double-disk, the WGM of the double-disk can be excited via resonant tunneling only if the injected light has a resonant wavelength of the WGM. The excited WGM in turn couples the light into a drop port via clockwise rotation. Into the through port, the uncoupled incident wave and secondary wave are transmitted from the excited WGM [1] , [31] .
The transmission spectra to the through port and drop port are shown in Fig. 4(b) . According to the spectra, significant spectral peaks appear periodically in the drop power at the resonant condition of the WGMs, whereas the through power shows several dips at the same positions. For example, three peaks from larger wavelength in the drop spectra are 1722 nm, 1574 nm, and 1456 nm, corresponding to the resonant conditions of WGMs with m = 6, 7, and 8 at the s = 10 nm. Slight difference in the resonant wavelengths compared with the single double-disk case is resulted from the shift of the effective round-trip length induced by the adjacent bus and receiver waveguides. Q factors for each mode are estimated as 22, 59, and 160. The decrease of Q factors in the filter compared with the single double-disk is caused by large coupling to the through and drop port. As a result, drop peaks appeared with maximum values of 0.34, 0.86, and 0.87 for the WGMs of m = 6, 7, and 8. Here, the transmission power to the through port at the three wavelength points is estimated as 0.097, 0.0028, and 0.0036. It is easy to see that the sum of the drop and through power does not match with input power. The loss, which is undelivered incident light into the through or drop port, is a loss scattered into free space due to imperfect coupling between the cavity and waveguides, which can be minimized by using high Q WGMs and optimizing the waveguide coupling conditions.
For the demonstration of spectral tuning, we investigated the wavelength shift of the drop peak for WGM of m = 8 because this WGM yielded relatively high Q factors in the filter, ranging from 160 to 600 for the air slot size from 10 nm to 30 nm. As shown in Fig. 4(c) , the drop peaks are obtained at the following wavelengths: 1456 nm, 1385 nm, and 1353 nm for s = 10 nm, 20 nm, and 30 nm, respectively. Fig. 4(c) clearly shows the spectral tunability of this structure with a tuning range of 103 nm for the change of the slot size of 20 nm. This tuning range reaches almost 10 times larger than the tuning range of the previously reported add/drop filters [12] - [20] . Here, the tuning range (103 nm) closely matches with the free spectral range of the WGMs (108 nm), which is very helpful property to design a globally selectable channel passband filter. We will discuss about designing the passband filter in the concluding section. Here, each drop power for a slot size of 10 nm, 20 nm, and 30 nm is 0.87, 0.33, and 0.14, respectively. Decrease in drop powers for the larger air slot size are primarily attributable to the increase in mode mismatch between the WGMs and the waveguide modes.
On/Off Switching
The aforementioned spectral tunability of the filter can be applied to on/off switching as shown in Fig. 5(a) and (b) . We demonstrated on/off switching via FDTD simulation, examining one typical example of WGM with m = 8. In this process, a monochromatic light source with a wavelength of 1456 nm was injected, which was the resonant wavelength of the m = 8 WGM with a slot size of 10 nm.
In the case of 10 nm slot size, most of the field is transferred to the drop port by strong mode coupling between the waveguide mode and the WGM of the double-disk as shown in Fig. 5(a) (on-state), whereas the field propagates to the through port with negligible coupling at s = 20 nm as shown in Fig. 5(b) (off-state) . The swapping between the on/off state is caused by a large wavelength shift of 71 nm in the resonant mode, due to the slot change. As a result, we can operate optical-switching between the on-state and off-state via mechanical air slot control. The on/off ratio for power transmission to the through port is approximately 35:1, while the on/off ratio for the drop power was estimated to 105:1. Fig. 5 (c) and (d) represent the through power and drop power as functions of the wavelength of the incident wave, respectively. At a fixed wavelength of 1456 nm, one can find two different states, the on-state and the off-state, at s = 10 nm and s = 20 nm. Here, the on-state represents that WGM in the in the double-disk is turned on. It can be seen in both Fig. 5(c) and (d) that the on-state changes to the off-state as the peaks in the spectra are tuned by increasing the air slot size from 10 nm to 20 nm.
Conclusion
Spectrally tunable add/drop filter based on a dielectric double-disk microcavity with a horizontal air slot was theoretically proposed. The tuning range of the TM-like WGM with m = 8 for the air slot change from 10 nm to 30 nm was estimated to 103 nm, which was useful for broadband spectral tuning. The drop power and through power values were 0.87 and 0.0036 for the slot size of 10 nm, respectively. In the on/off switching process of a monochromatic input light source, the on/off ratios of the through and the drop port were obtained as 35:1 and 105:1.
Additionally, the free spectral range of the WGMs in the proposed structure was about 108 nm, being very close to the tuning range of 103. This property provides another applicability for a switchable passband filter having a myriad of capable channels with a global bandwidth [28] . One can select and switch the target channel by cascading two add/drop filters with detuned mode spacing based on different radii. When the drop operation is done, the drop spectrum involves several periodic peaks. We can only select the m = 8 WGM peak by filtering the signal again with another add/drop filter of a different radius from the first filter. Here, the two filter should have the same resonant wavelength in our target signal, but different mode spacing. We can tune the wavelength of the output signal by controlling the air slot sizes of the two add/drop filters at the same time in this case. Moreover, by selecting the m = 7, 9, or other WGMs and repeating the analogous operation mentioned before, this filter can cover spectral regime beyond the possible tuning range of one WGM.
On the other hand, sensitivity of the wavelength to slot size, defined by the ratio of the spectral wavelength shift to the air slot change, was approximately 5 nm/nm. This means that a 1 nm air slot change induced a 5 nm wavelength shift of the WGM resonance. Taking this large sensitivity into consideration, a sharp linewidth of 0.067 nm due to the high Q factor of 23,000 for the m = 8 WGM guaranteed the detection of a 0.13 nm air slot change. Therefore, the filter proposed in this report can be applied to realize a subnanometer-resolution gap sensor, which will contribute to pave the way for subnanometer-level optical applications.
Lastly, we compare the optical properties and the possible applications of TE-like WGM and TM-like WGM in double disk cavity. TE-like WGM has been mostly studied in optomechanical applications because of its higher Q factor and the larger dynamic backaction. On the other hand, TM-like WGM has lower Q factor than TE-like WGM, however, it has three times larger wavelength shifts for the change of the air slot due to larger field confinement in the slot, as shown in Fig. 3 , which would be more useful for the broadband spectral add/drop tunable filtering in telecommunication applications. Indeed, large tuning range of 140 nm of the m = 6 TM-like WGM can cover C-and L-bands of telecommunication bands simultaneously.
In practical devices, although TM-like WGM can suffer larger degrading of Q due to the roughness of the side wall than the case of TE-like WGM, smaller Q factor can be overcome by using larger azimuthal mode number WGM or applying a tilted angle in sidewall to push the optical mode away from the disk perimeter [32] while maintaing large spectral tuning ability. In addition, large Q of 34 000 of TM-like WGM has been reported in the fabricated double disk cavity [22] and the operation of the optomechanical tuning also has been experimentally reported [28] .
